INTRODUCTION
Native AMPA-Rs, assembled from homo-or heterotetrameric combinations of GluR1-4 subunits are the primary receptors mediating fast excitatory transmission in mammalian central synapses (Dingledine et al., 1999) . AMPA-Rs with distinct subunit compositions exhibit different gating kinetics (Jonas, 2000; Mosbacher et al., 1994) . Functionally distinct AMPA-Rs are not only expressed in different types of neurons but also at different synapses in the same neuron, which is essential for generating synaptic responses with very different time courses for processing different synaptic inputs (Gardner et al., 2001; Geiger et al., 1997; Rubio and Wenthold, 1997; Toth and McBain, 1998) . However, how distinct AMPA-Rs are incorporated into different populations of synapses within the same neuron remains unknown. The same question can be generalized to the problem of how other proteins that are unevenly distributed or clustered in one or a few subcellular membrane compartments of the dendrite and/or axon travel to their destinations (e.g., Hoffman et al., 1997; Pelkey et al., 2006; Schaefer et al., 2007; Zhu, 2000) . Previous studies of protein sorting and targeting in neurons and nonneuronal cells have suggested two general mechanisms (Lai and Jan, 2006; Mellman and Nelson, 2008; Schuck and Simons, 2004) . The first scheme is preferential transportation and incorporation; many proteins are sorted into distinct transportation carriers, which deliver them into the membrane of appropriate cellular domains (i.e., axonal or apical and somatodendritic or basolateral domains [Burack et al., 2000; Matsuda et al., 2008; Sampo et al., 2003; Setou et al., 2000] ). The second scheme is nonselective incorporation and preferential retention (including transcytosis); some proteins are incorporated into the membrane of both appropriate and inappropriate cellular domains but retained on the membrane surface only in the appropriate domain and preferentially endocytosed from the inappropriate domain (e.g., Casanova et al., 1990; Hammerton et al., 1991; Sampo et al., 2003; Setou et al., 2000; Yap et al., 2008) . It is unclear which of these two mechanisms, or perhaps other yet uncharacterized schemes, is responsible for delivering distinct AMPA-Rs into different populations of synapses within the same neuron.
The lateral geniculate nucleus (LGN) is the primary thalamic relay that receives excitatory inputs from both the ascending retinal fibers and descending cortical fibers from layer 6 of the visual cortex (Sherman and Guillery, 2002; Steriade et al., 1997) . Retinogeniculate (RG) synapses, although making up a small number of excitatory synapses (5%-10%), are powerful and effective in driving action potentials with precise timing to faithfully relay the visual information into the cortex (Augustinaite and Heggelund, 2007; Chen and Regehr, 2000; Liu and Chen, 2008; Usrey et al., 1998) . Corticogeniculate (CG) synapses, on the other hand, constitute the majority of excitatory synapses on geniculate neurons, and they modulate retinogeniculate transmission. In particular, corticogeniculate inputs control the response mode, burst or tonic, of geniculate neurons by shafting postsynaptic membrane potential (Steriade et al., 1997; Wang et al., 2006) . It is still unclear how the two types of excitatory synapses in LGN are capable of performing very different tasks and whether synapse-specific AMPA-R trafficking contributes to their diverse capabilities. 
. GluR1 Is Predominantly Expressed in Retinogeniculate Synapses
(A) Western blots of GluR1, GluR2L, GluR4, and GluR2/3/4c in the whole hippocampus (HP) and lateral geniculate nucleus (LGN) prepared from the same animals. Each pair of HP and LGN lanes was loaded with the same amount of protein (60-120 mg). (B) Amounts of GluR1 (n = 8), GluR2L (n = 9), GluR4 (n = 8), and GluR2/3/4c (n = 8) in LGN relative to the whole hippocampus. The relative values and standard errors were normalized to average amounts of GluR1, GluR2L, GluR4, and GluR2/3/4c from whole hippocampus. (C) GluR1 immunolabeling at synapses contacted by RL and RS terminals. (D) Percentages of GluR1-labeled retinogeniculate (RG) and corticogeniculate (CG) synapses relative to all RG or CG synapses (n = 11; p < 0.005). (E) GluR4 immunoperoxidase labeling at synapses contacted by RL and RS terminals. (F) Percentages of GluR4-labeled RG and CG synapses relative to all RG or CG synapses (n = 15; p = 0.09). (G) GluR2/3/4c immunoperoxidase labeling at synapses contacted by RL and RS terminals. Scale bar applies to (C1)-(G3). Arrows indicate positive immunoperoxidase labeling associated with PSD postsynaptic to RL (red) and RS (blue) terminals. (H) Percentages of GluR2/3/4c-labeled RG and CG synapses relative to all RG or CG synapses (n = 10; p = 0.06). See Supplemental Data for the values.
In this study, we developed an experimental approach that combines an in vivo recombinant DNA delivery technique with an in vitro rodent LGN brain slice preparation (McCormack et al., 2006; Turner and Salt, 1998) . The approach allows simultaneous examination of RG and CG synapses, which display distinct electrophysiological and ultrastructural properties (Steriade et al., 1997) . Following molecular, sensory, and pharmacological manipulations in intact animals, we studied the impacts of the manipulations on nanoscale subcellular compartmental AMPA-R trafficking at RG and CG synapses, using electrophysiology and immunogold microscopy. We found that GluR1-containing AMPA-Rs were incorporated and mediated transmission only at proximately located RG synapses, not at distally located CG synapses. Surprisingly, immunoelectron microscopic images showed that GluR1 was present in the pools near the postsynaptic densities (PSDs) of both RG and CG synapses. Further investigation revealed that the vision-dependent activity pattern, present in the RG pathway but absent in the CG pathway, selectively drives forward trafficking of GluR1-containing AMPA-Rs into PSD of RG synapses to mediate transmission. These results reveal a scheme of nonselective transportation and preferential incorporation at locations where needed as a mechanism for destination-specific delivery of membrane proteins.
RESULTS
We first examined the AMPA-R composition in LGN. Western blots showed that LGN expressed GluR1, GluR4, and GluR2/3/ 4c, but not GluR2L ( Figures 1A and 1B) , consistent with previous reports (Kolleker et al., 2003; Martin et al., 1993; Mineff and Weinberg, 2000; Petralia and Wenthold, 1992) . To determine the synaptic distribution of GluRs, we used immunoelectron microscopy. Retinal and cortical terminals are distinguishable at the ultrastructural level because of their characteristic appearance (Erisir et al., 1997; Kielland et al., 2006; Steriade et al., 1997) . Retinal terminals have round vesicles, are large (RL terminals), contain pale mitochondria, and form asymmetric synapses with multiple release sites. Cortical terminals have round vesicles but are small (RS terminals), contain no or a few dark-appearing mitochondria, and form asymmetric synapses with single release sites. Immunoperoxidase labeling showed that GluR1 was primarily associated with synapses contacted by RL terminals, i.e., RG afferents, but only rarely ($4%) with synapses contacted by RS terminals, corresponding to CG (about two-thirds) and brainstem cholinergic (about one-third) afferents (Figures 1C and 1D) . In contrast, immunoperoxidase labeling showed that GluR4 and GluR2/3/4c were equally associated with RG synapses and CG synapses ( Figures 1E-1H ). (C) (Upper) Evoked AMPA-R-mediated responses at RG and CG synapses from nonexpressing (Ctrl) and GluR1-GFPexpressing neurons recorded at À60 mV and +40 mV. (Lower left) AMPA responses in neurons expressing GluR1-GFP at RG (n = 16; p = 0.55) and CG synapses (n = 20; p = 0.11) relative to neighboring control neurons. (Lower right) Rectification of GluR1-GFP-expressing neurons at RG (n = 16; p < 0.005) and CG synapses (n = 20; p = 0.88) relative to neighboring control cells. Rectification is defined as the ratio of responses at À60 mV and +40 mV. (D) (Upper) Evoked AMPA-R-and NMDA-R-mediated responses at RG and CG synapses from nonexpressing (Ctrl) and GluR1ct-GFP-expressing neurons recorded at À60 mV and +40 mV. (Lower left) AMPA responses in GluR1ct-GFP-expressing neurons from rats at RG (n = 16; p < 0.05) and CG synapses (n = 15; p = 0.61), from wild-type (WT) mice (n = 24; p < 0.005), and from GluR1 knockout (KO) mice (n = 24; p = 0.95) at RG synapses relative to neighboring control neurons. (Lower right) NMDA responses in GluR1ct-GFP-expressing neurons at RG (n = 16; p = 0.73) and CG synapses (n = 15; p = 0.87), from wild-type mice (n = 24; p = 0.75), and GluR1 knockout mice (n = 24; p = 0.75) at RG synapses relative to neighboring control cells. Note that GluR1 knockout mice had increased ratio of NMDA and AMPA responses compared to WT mice (n = 24; p < 0.05; Mann-Whitney Rank Sum test). AMPA-R-and NMDA-R-mediated current amplitude and standard errors were normalized to average values from control cells. Asterisks indicate statistical significance (Wilcoxon test). See Supplemental Data for the values.
GluR1 Selectively Mediates RG Transmission
To determine whether GluR1 primarily mediates RG transmission, we virally delivered GFP-tagged GluR1, GluR1-GFP, in rat LGN by in vivo microinjection (Figure 2A ). This GluR1-GFP is a rectified or electrophysiologically ''tagged'' channel, and synaptic delivery of this receptor enhances rectification of transmission Zhu et al., 2002) . After $15 hr of expression, we prepared LGN slices and made simultaneous recordings of evoked excitatory postsynaptic currents (EPSCs) of neuron pairs including a GluR-GFP-expressing neuron, identified by GFP fluorescence, and a nearby nonexpressing control neuron ( Figure 2B ). RG and CG EPSCs were evoked by independently stimulating the anatomically segregated RG and CG pathways using two stimulating electrodes, and they exhibited hallmark paired-pulse depression and facilitation, respectively, which served as a confirmation (Turner and Salt, 1998) (Figures 2A and 2B ). Compared to nearby nonexpressing neurons, GluR1-GFP-expressing neurons had enhanced rectification of AMPA responses from RG synapses, but not from CG synapses ( Figure 2C ), indicating selective GluR1-GFP incorporation into RG synapses. Expression of GFP-tagged cytoplasmic termini of GluR1, GluR1ct-GFP, selectively blocks the trafficking of endogenous GluR1-containing AMPA-Rs (Kolleker et al., 2003; McCormack et al., 2006; Qin et al., 2005) . GluR1ct-GFP-expressing neurons had depressed AMPA responses (by $30%) from RG synapses, but not from CG synapses ( Figure 2D ). Expression of GluR1ct-GFP also depressed RG transmission (by $30%) in LGN prepared from wild-type but not GluR1 knockout mice ( Figure 2D ). Together, these results indicate that GluR1 selectively mediates RG transmission. As controls, using similar approaches (i.e., viral expression of GluR4-GFP, GluR2(R/Q)-GFP, GluR4ct-GFP, or GluR2ct-GFP), we found that GluR4-GFP-and GluR2-GFP-expressing neurons had enhanced rectification of AMPA responses from both RG and CG synapses and that GluR4ct-GFP and GluR2ct-GFP had depressed AMPA responses from both CG and RG synapses ( Figure S1 available online). These results suggest that GluR4 and GluR2 mediate both CG and RG transmission, consistent with the immunoperoxidase labeling results ( Figures  1E-1H) .
The predominant synapse-specific involvement of GluR1, which has slower gating kinetics than other GluR subunits (Jonas, 2000) , appears at odds with the fact that the evoked RG EPSCs have a faster time course compared to the evoked CG EPSCs ( Figures 3A and 3B ). However, this may reflect severe dendritic filtering and distortion of the EPSCs from CG synapses, which are more distally located than RG synapses (Steriade et al., 1997) . Indeed, measuring the ''true'' decay time constant of synaptic events, using a voltagejump technique (Hausser and Roth, 1997; Walker et al., 2002) , revealed that at synaptic sites the decay time constant of CG EPSCs was $40% faster than that of RG EPSCs ( Figures 3C-3G ), supporting the notion that RG synapses are enriched with the slowgating AMPA-R subunit GluR1.
Ras Signals GluR1 Trafficking from Deliverable into Synaptic Pools
To examine how GluR1 is selectively delivered to mediate RG transmission, we quantified the GluR1 distribution in and near geniculate synapses using pre-embedding immunogold labeling (Figure 4) . Surprisingly, GluR1 silver-gold particles were abundant at both RG and CG synapses ( Figures 4A, 4D , and 4E). A significant proportion ($12%) of GluR1 silver-gold particles were located in PSD of RG synapses, whereas only a background amount ($1%) of GluR1 silver-gold particles were observed in PSD of CG synapses, consistent with a selective involvement of GluR1 in RG transmission. Interestingly, many GluR1 silver-gold particles ($18%) were located near PSD ($30-100 nm from the postsynaptic membrane) of both RG and CG synapses, in the cytosol or on the plasma membrane, forming a seemingly distinct AMPA-R pool. Small GTPase Ras and calcium/calmodulindependent protein kinase II (CaMKII) activities drive synaptic delivery of GluR1 Zhu et al., 2002) . In vivo viral expression of a constitutively active Ras, Ras(ca)-GFP, or a constitutively active CaMKII, CaMKII-IRES-GFP, increased the amount LGN-expressing Ras(ca)-GFP (D2: n = 625 for RL; n = 1544 for RS), CaMKII-IRES-GFP (D3: n = 616 for RL; n = 1380 for RS), and Ras(dn)-GFP (D4; n = 594 for RL; n = 1549 for RS). (E) (Left) Average percentages of GluR1 silver-gold particles in synaptic and deliverable pools at synapses contacted by RL terminals in normal LGN (n = 12), LGNexpressing Ras(ca)-GFP (n = 12, p < 0.05), CaMKII-IRES-GFP (n = 9, p < 0.05), or Ras(dn)-GFP (n = 10, p < 0.001). (Right) Average percentages of GluR1 silver-gold particles in synaptic and deliverable pools at synapses contacted by RS terminals in normal LGN (n = 12), LGN-expressing Ras(ca)-GFP (n = 12, p < 0.001), CaMKII-IRES-GFP (n = 9, p < 0.001), or Ras(dn)-GFP (n = 10, p > 0.05). Note (not shown) that average percentages of GluR1 silver-gold particles in the residual pool at synapses contacted by RL (n = 9-12; p > 0.05) and RS (n = 9-12; p > 0.05) terminals were the same as that in normal LGN. Asterisks indicate statistical significance relative to normal control LGN (Mann-Whitney Rank Sum test). See Supplemental Data for the values.
of GluR1 silver-gold particles in PSD of RG synapses and reduced the number of GluR1 silver-gold particles by an equivalent amount in the nearby pool at these synapses (Figures 4B, 4D, and 4E) . In contrast, expression of a dominant-negative form of Ras, Ras(dn)-GFP, which blocks endogenous Ras signaling (Zhu et al., 2002) , reduced GluR1 in PSD and increased GluR1 by a corresponding number in the nearby pool at RG synapses ( Figures   4C, 4D , and 4E). These results suggest that the AMPA-R pool near PSD represents a functionally distinct ''deliverable'' pool. The majority of GluR1 silver-gold particles were located in a pool more distal (>100 nm from the postsynaptic membrane) from RG synapses, forming a ''residual'' receptor pool that was insensitive to the expression of Ras mutants or CaMKII (Figure 4 ). Unexpectedly, active Ras or CaMKII drove GluR1 into PSD of CG (C) Relative distributions of GluR1 at synapses contacted by RL (red) and RS (blue) terminals in LGN-expressing Rap2(ca)-GFP (C1: n = 551 for RL; n = 1335 for RS), Rap2(dn)-GFP (C2: n = 462 for RL; n = 1243 for RS), Rap1(ca)-GFP (n = 534 for RL; n = 1238 for RS) and Rap1(dn)-GFP (n = 709 for RL; n = 1387 for RS). (D) (Left) Average percentages of GluR1 silver-gold particles in synaptic and deliverable pools at synapses contacted by RL terminals in LGN-expressing Rap2(ca)-GFP (n = 10, p < 0.001), Rap2(dn)-GFP (n = 10, p < 0.05), Rap1(ca)-GFP (n = 10, p > 0.05), or Rap1(dn)-GFP (n = 10, p > 0.05) relative to normal control LGNs presented in Figure 2E . (Right) Average percentages of GluR1 silver-gold particles in synaptic and deliverable pools at synapses contacted by RS terminals in LGNexpressing Rap2(ca)-GFP (n = 10, p > 0.05), Rap2(dn)-GFP (n = 10, p > 0.05), Rap1(ca)-GFP (n = 10, p > 0.05), or Rap1(dn)-GFP (n = 10, p > 0.05) relative to normal control LGNs presented in Figure 2E . Note (not shown) that average percentages of GluR1 silver-gold particles in the residual pool at synapses contacted by RL (n = 10, p > 0.05) and RS (n = 10, p > 0.05) terminals were the same as that in normal LGN. Asterisks indicate statistical significance relative to normal control LGN (MannWhitney Rank Sum test). See Supplemental Data for the values. synapses and reduced GluR1 by an equal amount in the deliverable pool ( Figures 4B, 4D , and 4E). These constructs had no effect on GluR1 in the residual pool at CG synapses ( Figure 4E ).
Rap2 Signals GluR1 Trafficking from Synaptic to Deliverable Pools
Rap2 signals synaptic removal of GluR1-containing AMPA-Rs . In vivo viral expression of a constitutively active Rap2, Rap2(ca)-GFP, reduced the presence of GluR1 in PSD, whereas expression of a dominant-negative form of Rap2, Rap2(dn)-GFP, increased the presence of GluR1 in PSD at RG synapses ( Figure 5 ). Correspondingly, Rap2(ca)-GFP and Rap2(dn)-GFP increased and decreased GluR1 by an equivalent amount in the deliverable pool of RG synapses, respectively ( Figure 5 ). Expression of these constructs did not alter the relative amount of GluR1 in the residual pool at RG synapses ( Figure 5 ). Rap2 mutants had no effect on GluR1 distribution at CG synapses ( Figure 5 ), consistent with little GluR1 in PSD at these synapses. Rap1 signals synaptic removal of GluR2-containing AMPA-Rs (i.e., GluR2/3 AMPA-Rs) but has no effect on GluR1-containing AMPA-Rs (Zhu et al., 2002 . As controls, expression of a constitutively active Rap1, Rap1 (ca)-GFP, and a dominant-negative form of Rap1, Rap1(dn)-GFP, had no effects on the relative amount of GluR1 in the synaptic, deliverable, and residual pools at RG and CG synapses ( Figures 5C and 5D ). Together, these results suggest that Ras and Rap2 signal the opposite GluR1 interpool trafficking at RG synapses, whereas Rap1 has no role in the trafficking, congruent with the notion that Ras, Rap1, and Rap2 independently signal distinct AMPA-R trafficking events at synapses (Gu and Stornetta, 2007; Tada and Sheng, 2006; Zhu et al., 2002 Zhu et al., , 2005 .
GluR1 Interpool Trafficking Requires Multiple Kinase Activity
To determine whether Ras, Rap1, and Rap2 signal GluR1 interpool trafficking via different kinase cascades, we examined the role of several kinases by in vivo injection of their specific inhibitors. CaMKII stimulates the Ras-MEK-MAPK and -PI3K-PKB signaling pathways, which together drive synaptic delivery of GluR1-containing AMPA-Rs (Hu et al., 2008; Qin et al., 2005; Zhu et al., 2002) . Consistent with these findings, KN-93 (CaMKII inhibitor), PD98059 (MEK inhibitor), or LY294002 (PI3K inhibitor) reduced the number of GluR1 silver-gold particles in the synaptic pool and increased the same number of particles in the deliverable pool at RG synapses ( Figures 6A, 6C , and 6D). The inhibitors had no effect on the number of GluR1 silver-gold particles in the residual pool at RG synapses or in the deliverable and residual pools at CG synapses ( Figures 6A, 6C , and 6D). Rap2 removes synaptic GluR1-containing AMPA-Rs via JNK . Consistent with this, SP600125 (JNK inhibitor) increased and reduced the number of GluR1 silver-gold particles in the synaptic pool and deliverable pools, respectively (Figures 6B and 6D) . SP600125 had no effect on the particles in the other pools at geniculate synapses ( Figures 6B and 6D ). Rap1 stimulates p38 MAPK, which removes GluR2/3 AMPA-Rs (Hsieh et al., 2006; Zhu et al., 2002) . As a control, in vivo application of SB203580 (p38 MAPK inhibitor) had no effect on the GluR1 distribution in the postsynaptic pools at geniculate synapses ( Figures 6C and 6D ). PKA and PKC are required for synaptic potentiation and GluR1 delivery (Shepherd and Huganir, 2007) . (C) Relative distributions of GluR1 silver-gold particles at synapses contacted by RL (red) and RS (blue) terminals in rats with LGN infusion of KN-93 (C1: n = 464 for RL; n = 1,024 for RS), SP600125 (C2: n = 469 for RL; n = 1,156 for RS), and PKI (n = 551 for RL; n = 1,335 for RS). Relative distributions of GluR1 silver-gold particles at synapses contacted by RL and RS terminals in rats with LGN infusion of PD98059 (n = 479 for RL; n = 1068 for RS), LY294002 (n = 528 for RL; n = 1074 for RS), SB203580 (n = 556 for RL; n = 1196 for RS), and Gö 6850 (n = 475 for RL; n = 976 for RS) were not shown. (D) (Left) Average percentages of GluR1 silver-gold particles in synaptic and deliverable pools at synapses contacted by RL terminals in rats with LGN infusion of 50 mM KN-93 (n = 10, p < 0.001), 50 mM SP600125 (n = 9, p < 0.001), 200 mM PD98059 (n = 10, p < 0.001), 100 mM LY294002 (n = 10, p < 0.001), 20 mM SB203580 (n = 10, p > 0.05), 200 mM PKI 14-22 amide (n = 10, p < 0.005), or 100 nM biosindolylmaleimide (Gö 6850, n = 10, p < 0.05), relative to normal control LGNs presented in Figure 2E . (Right) Average percentages of GluR1 silver-gold particles in synaptic and deliverable pools at synapses contacted by RS terminals in rats with LGN infusion of KN-93 (n = 10, p > 0.05), SP600125 (n = 10, p > 0.05), 200 mM PD98059 (n = 10, p > 0.05), LY294002 (n = 10, p > 0.05), SB203580 (n = 10, p > 0.05), PKI (n = 10, p > 0.05), or Gö 6850 (n = 10, p > 0.05) were unchanged compared to normal control LGN. Note (not shown) that average percentages of GluR1 silver-gold particles in the residual pool at synapses contacted by RL (n = 9-12; p > 0.05) and RS (n = 9-12; p > 0.05) terminals were the same as that in normal LGN. (E) (Upper) Evoked AMPA-R-mediated responses at retinogeniculate (RG) synapses from nonexpressing (Ctrl) and GluR1-GFP-expressing neurons in rats with LGN infusion of 50 mM KN-93 and 50 mM SP600125 recorded at À60 mV and +40 mV. (Lower left) RG AMPA responses in neurons expressing GluR1-GFP in rats with LGN infusion of KN-93 (n = 12; p = 0.58) or SP600125 (n = 14; p = 0.64) relative to neighboring control neurons. (Lower right) Rectification of RG AMPA responses in GluR1-GFP-expressing neurons in rats with LGN infusion of KN-93 (n = 12; p = 0.39) or SP600125 (n = 14; p < 0.005) relative to neighboring control cells. Note that GluR1ct-GFP-expressing neurons in rats with LGN infusion of SP600125 had more enhanced rectification compared to GluR1ct-GFP-expressing neurons in control rats (Ctrl: n = 16; SP: n = 16; p < 0.005; Mann-Whitney Rank Sum test; cf. Figure 2C ). (F) (Upper) Evoked AMPA-R-and NMDA-R-mediated responses at RG synapses from nonexpressing (Ctrl) and GluR1ct-GFP-expressing neurons in rats with LGN infusion of 50 mM KN-93 and 50 mM SP600125 recorded at À60 mV and +40 mV. (Lower left) RG AMPA responses in neurons expressing GluR1ct-GFP in rats with LGN infusion of KN-93 (n = 17; p = 0.69) or SP600125 (n = 14; p < 0.005) relative to neighboring control neurons. Note that GluR1ct-GFP-expressing neurons in rats with LGN infusion of SP600125 had more significantly reduced AMPA responses compared to GluR1ct-GFP-expressing neurons in control rats (Ctrl: n = 16; SP: n = 14; p < 0.05; Mann-Whitney Rank Sum test; cf. Figure 2D PKI (PKA inhibitor) and Gö 6850 (PKC inhibitor) reduced the number of GluR1 silver-gold particles in the synaptic pool and increased an equivalent number of particles in the deliverable pool at RG synapses ( Figures 6C and 6D ). PKI and Gö 6850 had no effect on the GluR1 distribution in the other postsynaptic pools at geniculate synapses ( Figures 6C and 6D) . These results suggest that GluR1 interpool trafficking requires CaMKII, MEK, PI3K, PKA, and PKC, but not p38 MAPK.
To determine whether the CaMKII-delivered or JNK-removed GluR1 mediates transmission, we simultaneously injected KN-93 or SP600125 with the viral GluR1-GFP construct in LGN in vivo and subsequently examined synaptic transmission in vitro. KN-93 blocked and SP600125 potentiated the enhanced rectification of RG AMPA responses in GluR1-GFP-expressing neurons ( Figure 6E ; cf. Figure 2C) , indicating that the CaMKIIdelivered or JNK-removed GluR1-GFP mediates RG transmission. Next, we simultaneously injected KN-93 or SP600125 with the viral GluR1ct-GFP construct, which functioned as a dominant-negative construct to block synaptic trafficking of endogenous GluR1-containing AMPA-Rs and which reduced RG transmission ( Figure 2D ). KN-93 blocked and SP600125 potentiated the difference in RG AMPA responses between GluR1ct-GFP-expressing and nearby nonexpressing neurons ( Figure 6F ). These results suggest that KN-93 and SP600125 block synaptic trafficking of endogenous GluR1-containing AMPA-Rs that mediate RG transmission.
Experience-Dependent Activity Drives GluR1
Trafficking from Deliverable to Synaptic Pools The above data indicate that GluR1 is transported to the deliverable pools of RG and CG synapses and that activation of Ras signaling can further drive GluR1-containing AMPA-Rs into PSD at both populations of geniculate synapses. Why then does GluR1 normally mediate RG but not CG transmission? To address this question, we investigated the regulation of forward trafficking of GluR1 from the deliverable pool into the synaptic pool at RG synapses. Previous studies have demonstrated that whisker-experience-dependent activity is essential for synaptic insertion of GluR1-containing AMPA-Rs in neurons of the barrel cortex (McCormack et al., 2006; Takahashi et al., 2003) . In LGN, spontaneous or vision-dependent activity induces RG plasticity (Guido, 2008; Hooks and Chen, 2006) . Thus, we manipulated the spontaneous and vision-experience-dependent activity in LGN. Blocking all synaptic activity by local infusion of TTX into LGN or selectively blocking vision-dependent activity by eye closure through eyelid suturing reduced the number of GluR1 silver-gold particles in PSD of RG synapses and increased the number of GluR1 silver-gold particles by the same proportion in the deliverable pool at these synapses ( Figures 7A-7D ). TTX and eyelid suturing did not alter the relative amount of GluR1 in the residual pool at RG synapses ( Figure 7D ). These results indicate that synaptic activity, particularly vision-dependent activity, is required for forward trafficking of GluR1 from the deliverable pool into PSD at RG synapses. Western blot analysis showed that eyelid suturing reduced the levels of GTP-bound (or active) Ras and phosphorylated (or active) CaMKII ( Figures 7E and 7F) , confirming the critical role of these signaling molecules in the forward GluR1 interpool trafficking from the deliverable to synaptic pools (Figure 4) .
To determine whether the activity-dependent synaptic delivery of GluR1 mediates transmission, we virally expressed the GluR1-GFP construct in LGN in vivo, manipulated synaptic activity during the expression by TTX infusion and eye closure, and subsequently recorded RG transmission in vitro. TTX infusion and eye closure blocked the enhanced rectification of AMPA responses in GluR1-GFP-expressing neurons ( Figure 7G ; cf. Figure 2C ), indicating blockade of recombinant GluR1-GFP trafficking into PSD to mediate RG transmission. Next, we in vivo microinjected the viral GluR1ct-GFP construct, which functioned as a dominantnegative construct to block synaptic trafficking of endogenous (D) (Left) Average percentages of GluR1 silver-gold particles in synaptic and deliverable pools at synapses contacted by RL terminals in rats with eyelids stitched (n = 10, p < 0.05) or with LGN infusion of TTX (n = 10, p < 0.001) relative to normal control LGNs presented in Figure 2E . (Right) Average percentages of GluR1 silvergold particles in synaptic and deliverable pools at synapses contacted by RS terminals in rats with eyelids stitched (n = 10, p > 0.05) or with LGN infusion of TTX (n = 10, p > 0.05) were unchanged compared to normal control LGN. Note (not shown) that average percentages of GluR1 silver-gold particles in the residual pool at synapses contacted by RL (n = 10-12; p > 0.05) and RS (n = 10-12; p > 0.05) terminals were the same as that in normal LGN. (E) Western blots of GTP-bound active Ras, total Ras, phosphorylated CaMKII, and total CaMKII in LGN from normal control rats and rats with eyelids stitched. For each set of cell lysates, 35 mg protein was used to purify and blot GTP-bound Ras, 7.5 mg protein was used to directly blot total Ras, and 45 mg protein was used to blot phos-CaMKII and total CaMKII. (F) Relative amounts of Ras-GTP (n = 12; p < 0.05), total Ras (n = 12; p = 0.40), phos-CaMKII (n = 16; p < 0.01), and total CaMKII (n = 16; p = 0.47) in LGN from normal control rats and rats with eyelids stitched. The relative values and standard errors were normalized to average amounts of Ras-GTP, total Ras, phosCaMKII, or total CaMKII in LGN from normal control rats. (G) (Upper) Evoked AMPA-R-mediated responses at retinogeniculate (RG) synapses from nonexpressing (Ctrl) and GluR1-GFP-expressing neurons in rats with eyelids stitched and rats with LGN infusion of TTX recorded at À60 mV and +40 mV. GluR1-containing AMPA-Rs and which reduced RG transmission ( Figure 2D ). With TTX infusion and eye closure applied during the GluR1ct-GFP expression, the difference in RG AMPA responses between GluR1ct-GFP-expressing and nearby nonexpressing neurons was eliminated ( Figure 7H) . The difference in RG AMPA responses between GluR1ct-GFP-expressing and nearby nonexpressing neurons was also eliminated in wild-type and GluR1 knockout mice ( Figure 7H ), suggesting that eye closure, expression of GluR1ct-GFP, and GluR1 knockout all block GluR1-dependent synaptic plasticity. Together, these results suggest that TTX infusion and eye closure block synaptic trafficking of endogenous GluR1-containing AMPA-Rs that mediate RG transmission in control nonexpressing neurons.
Electrophysiological studies have shown that expression of GluR1ct-GFP selectively blocks synaptic delivery of endogenous GluR1 (Kessels and Malinow, 2009) . We wished to confirm the finding anatomically. Expression of GluR1ct-GFP reduced the presence of GluR1 in PSD and increased GluR1 by an equivalent amount in the deliverable pool of RG synapses ( Figures 8A,  8C , and 8D). The same results were obtained in animals with eyelids stitched (Figures 8A, 8C , and 8D), confirming the occlusion of GluR1-dependent plasticity between the GluR1ct-GFP expression and eye closure (cf. Figures 2D and 7H) . Electrophysiology studies have demonstrated that the rectified recombinant GluR1-GFP behaves in the same manner as endogenous heteromeric GluR1-containing AMPA-Rs during synaptic delivery (Kessels and Malinow, 2009) . Consistent with this idea, immunogold labeling showed that GluR1-GFP silver-gold particles were distributed in PSD or synaptic pool ($12%), deliverable pool ($18%), and residual pool ($70%), and eye closure resulted in the majority of synaptic GluR1-GFP silver-gold particles appearing in the deliverable pool ( Figures 8B-8D) . Together, these results provide an independent anatomical confirmation of the notion that GluR1ct-GFP and GluR1-GFP blocks and mimics synaptic trafficking of endogenous GluR1-containing AMPA-Rs, respectively. Collectively, these results indicate that visiondependent activity drives forward trafficking of GluR1-containing AMPA-Rs from the deliverable pool into the synaptic pool to mediate functional RG transmission.
CG inputs onto LGN seem more effective in slowly shifting membrane potential than in initiating action potentials, whereas vision-dependent retinal inputs onto LGN are efficient in triggering time-locked spikes in geniculate cells (Augustinaite and Heggelund, 2007; Steriade et al., 1997; Usrey et al., 1998; Wang et al., 2006) . Because active Ras and CaMKII can drive GluR1 into PSD of CG synapses, we speculated that the signaling machinery (at least downstream of CaMKII) required for forward trafficking of GluR1 is present at CG synapses. However, the signaling machinery is normally dormant at these synapses since vision-dependent suprathreshold synaptic activity, which may be required to activate CaMKII/Ras signaling, is missing. To test this idea, we selectively stimulated the CG pathway in the in vitro LGN preparation using 200 paired pulses (with a 20 ms interpulse interval) delivered at 2 Hz. This stimulation paradigm, which is highly efficient in driving geniculate neurons to generate spikes in the RG pathway (Usrey et al., 1998) , was effective in eliciting action potentials in geniculate neurons when applied in the CG pathway ( Figure S2 ). Subsequent immunolabeling showed that CG stimuli increased the number of GluR1 silver-gold particles in PSD of CG synapses and reduced the number of GluR1 silver-gold particles by an equal amount in the deliverable pool of these synapses (Figures 9A-9D) . Including an NMDA-R blocker, APV, in the bath solution during the stimulation blocked the effect, indicating the requirement of NMDA-R activation. These manipulations did not alter the relative amount of GluR1 in the residual pool at CG synapses ( Figure 9D ).
To test whether the newly delivered GluR1 in PSD mediates CG transmission, we virally expressed GluR1-GFP and GluR1ct-GFP in LGN in vivo and subsequently recorded CG responses in vitro. The CG stimulation resulted in enhanced rectification of CG AMPA responses in GluR1-GFP-expressing neurons and reduced CG AMPA responses in GluR1ct-GFP-expressing neurons ( Figures  9E and 9F ). Bath application of APV blocked the effects ( Figures  9E and 9F) . The results indicate that, as with AMPA-Rs in the deliverable pool at RG synapses, those at CG synapses can be delivered into synapses to mediate transmission. Collectively, these results suggest that vision-dependent activity is responsible for the selective delivery of GluR1-containing AMPA-Rs into RG synapses but not into CG synapses.
DISCUSSION
In this study, we have demonstrated that GluR1-containing AMPA-Rs, which have slow gating kinetics, selectively mediate transmission at RG but not CG synapses in single geniculate neurons. In addition, only $12% of GluR1 receptors are located within PSD at RG synapses, forming a synaptic pool of AMPA-Rs. The majority of GluR1 receptors are located in the nearby deliverable ($18%) and residual ($70%) pools. Moreover, Ras and Rap2 signal bidirectional GluR1 trafficking between the deliverable and synaptic pools; the processes effectively enhance and reduce synaptic strength, respectively. Finally, we show that nonselective transportation of GluR1 to both RG and CG synapses followed by preferential incorporation of GluR1 into RG synapses mediates synapse-specific delivery of GluR1.
Synapse-Specific AMPA-R Trafficking Synapse-specific incorporation of different AMPA-R subunits, which exhibit distinct gating properties, can have profound impacts on synaptic integration and information processing (Gardner et al., 2001; Geiger et al., 1997; Jonas, 2000; Toth and McBain, 1998) . The slow, more GluR1-mediated RG EPSCs, combined with their large amplitude (Chen and Regehr, 2000; Turner and Salt, 1998) , are crucial for generating sufficient charge to initiate action potentials with precise timing to faithfully relay ascending sensory information (Augustinaite and Heggelund, 2007; Liu and Chen, 2008) . On the other hand, the fast, mainly GluR4-mediated CG EPSCs, which are small in amplitude (Turner and Salt, 1998) , provide limited current charge. These small inputs, which become even smaller and more prolonged somatic depolarizations due to the severe dendritic filtering, are well suited for slow adjustment of the membrane potential in geniculate neurons (Steriade et al., 1997; Wang et al., 2006) . Thus, differential incorporation of GluR1 and GluR4 allows RG and CG synapses to function as efficient drivers and modulators to relay (A and B) GluR1 immunogold labeling at synapses contacted by RL terminals in GluR1ct-GFP-expressing neurons from control rats (Ctrl, A1-2) and rats with eyelids stitched (ES, A3-4), and GFP immunogold labeling at synapses contacted by RL terminals in GluR1-GFP-expressing neurons from control rats (Ctrl, B1-2) and rats with eyelids stitched (ES, B3-4). Red arrows point to silver-enhanced gold particles associated with PSDs postsynaptic to RL terminals. Scale bar applies to (A) and (B). (C) Relative distributions of GluR1 silver-gold particles at synapses contacted by RL (red) and RS (blue) terminals in GluR1ct-GFP-expressing neurons from control rats (C1: n = 499 for RL; n = 1154 for RS) and rats with eyelids stitched (C2: n = 508 for RL; n = 1196 for RS), and GFP silver-gold particles at synapses contacted by RL (red) and RS (blue) terminals in GluR1-GFP-expressing neurons from control rats (C3: n = 487 for RL; n = 1161 for RS) and rats with eyelids stitched (C4: n = 524 for RL; n = 1168 for RS). (D) (Left) Average percentages of GluR1 or GFP silver-gold particles in synaptic and deliverable pools at synapses contacted by RL terminals in GluR1ct-GFP neurons from control rats (n = 10, p < 0.001) and rats with eyelids stitched (n = 10, p < 0.005) and in GluR1-GFP neurons from control rats (n = 10, p > 0.05) and rats with eyelids stitched (n = 10, p > 0.05) relative to normal control LGNs presented in Figure 2E . Note no significant differences for average percentages of GluR1 silver-gold particles in synaptic and deliverable pools at synapses contacted by RL terminals in GluR1ct-GFP neurons from control rats and those from rats with eyelids stitched (p > 0.05), but significant differences for average percentages of GFP silver-gold particles in synaptic and deliverable pools at synapses contacted by RL terminals in GluR1-GFP neurons from control rats and those from rats with eyelids stitched (p < 0.005). (Right) Average percentages of GluR1 or GFP silver-gold particles in synaptic and deliverable pools at synapses contacted by RS terminals in GluR1ct-GFP neurons from control rats (n = 10, p > 0.05) and rats with eyelids stitched (n = 10, p > 0.05) and in GluR1-GFP neurons from control rats (n = 10, p > 0.05) and rats with eyelids stitched (n = 10, p > 0.05) were unchanged compared to normal control LGN. Note (not shown) that average percentages of GluR1 or GFP silver-gold particles in the residual pool at synapses contacted by RL (n = 9-12; p > 0.05) and RS (n = 9-12; p > 0.05) terminals were the same as that in normal LGN. Asterisks indicate statistical significance (Mann-Whitney Rank Sum test). See Supplemental Data for the values. visual information and modulate RG transmission in LGN, respectively (Sherman and Guillery, 2002; Steriade et al., 1997) .
Multiple Postsynaptic AMPA-R Pools We report here an intricate AMPA-R pooling system at postsynaptic sites of geniculate neurons, consisting of three anatomically and physiologically distinguished AMPA-R groups ( Figure 9G) , which resembles the triple vesicle pool system at presynaptic sites (Rizzoli and Betz, 2005; Zucker and Regehr, 2002) . About 12% of AMPA-Rs collect within PSD to form synaptic AMPA-Rs, which mediate functional transmission. Another $18% of AMPA-Rs cluster close to PSD (within $30-100 nm from the postsynaptic membrane) in the deliverable pool that supplies and recycles receptors for the synaptic pool, functionally matching the pool residing in recycling endosomes at hippocampal synapses (Park et al., 2004 (Park et al., , 2006 . However, the majority of AMPA-Rs are located more distally from the postsynaptic membrane (>100 nm), forming a pool of receptors that seems insensitive to synaptic activity, CaMKII, Ras, and Rap2 signaling. The exact functional role of the residual pool in synaptic transmission and plasticity remains unknown, but it is likely that the pool may supply and exchange the deliverable and synaptic pools with newly synthesized AMPA-Rs to maintain normal protein turnover and/or dispatch additional AMPA-Rs into deliverable and synaptic pools to increase the capacity of synaptic plasticity when needed (see below).
GluR1 Trafficking between Synaptic and Deliverable Pools
We report here that Ras activity stimulates the forward GluR1 trafficking, Rap2 activity stimulates the reverse GluR1 trafficking, and Rap1 activity has no effect on the GluR1 trafficking between the deliverable and synaptic pools. Moreover, the forward trafficking of GluR1 requires MEK and PI3K activity, whereas the reverse transport requires JNK activity. These results confirm the notion that Ras, Rap1, and Rap2 signal independently (Fu et al., 2007; Nonaka et al., 2008; Zhu et al., 2002 Zhu et al., , 2005 . The findings also suggest a model in which Ras and Rap2 control synaptic efficacy in parallel by regulating the relative distribution of GluR1 in the synaptic and deliverable pools ( Figure 9G) , and together the sizes of these pools set the capacity of synaptic plasticity (cf. McCormack et al., 2006) . Pharmacology experiments, although never conclusive, support the notion that CaMKII, PKA, and PKC are crucial for synaptic potentiation Ehlers, 2000; Esteban et al., 2003; Gao et al., 2006; Malenka et al., 1989; Malinow et al., 1989; Oh et al., 2006; Silva et al., 1992) . Because CaMKII, PKA, and PKC can phosphorylate S831, S845, and S818 of GluR1, respectively (hence called the ''CaMKII site,'' ''PKA site,'' and ''PKC site'') (Shepherd and Huganir, 2007) , one simple, generally assumed model is that CaMKII, PKA, and PKC control GluR1 trafficking by directly phosphorylating these sites. Alternatively, CaMKII may relay synaptic NMDA-R activity via Ras to control synaptic delivery of AMPA-Rs during synaptic potentiation (Hu et al., 2008; Zhu et al., 2002) . Consistent with this idea that CaMKII signals upstream of Ras, imaging studies have shown that LTP-inducing stimuli and NMDA-R activation briefly stimulate CaMKII activity, prior to Ras activation (Yasuda et al., 2006; S.-J. Lee et al., 2008 , Society for Neuroscience, abstract). The relative upstream location of CaMKII in the NMDA-R-stimulated kinase cascades suggests that CaMKII may function as a signaling divergence molecule that, in addition to signals through the Ras pathways to control AMPA-R trafficking, may also signal via other pathways to control the other plasticity-related events, such as spine growth (Okamoto et al., 2007; Steiner et al., 2008) .
As an alternative to the direct phosphorylation model, PKA and PKC may modulate MAPK and other signaling pathways by forming multiple protein complexes with signaling molecules via scaffold proteins (i.e., A-kinase anchoring proteins) (Luttrell, 2003; Smith et al., 2006) , and may thus modulate a very large number of cellular processes (Steinberg, 2008; Tasken and Aandahl, 2004) . Indeed, PKA and PKC may play two essential roles in the regulation of MAPK signaling (Impey et al., 1998; Liebmann, 2001; Roberson et al., 1999) . First, basal PKA and PKC activities are required for normal MAPK signaling (or basal MAPK activity), due presumably to abundant PKA and PKC sites in molecules in the signaling pathways. The finding explains why PKA and PKC are required for synaptic potentiation given that MAPK signaling is crucial for GluR1 phosphorylation and synaptic delivery during (D) (Left) Average percentages of GluR1 silver-gold particles in synaptic and deliverable pools at synapses contacted by RS terminals in LGN after synaptic stimulation of CG pathway in normal bath solution (n = 10, p < 0.001) or bath solution with 100 mM DL-APV (n = 10, p > 0.05) relative to normal control LGNs presented in Figure 2E . (Right) Average percentages of GluR1 silver-gold particles in synaptic and deliverable pools at synapses contacted by RL terminals in LGN after synaptic stimulation of CG pathway in normal bath solution (n = 10, p > 0.05) or bath solution with 100 mM DL-APV (n = 10, p > 0.05) were unchanged compared to normal control LGN. Note (not shown) that average percentages of GluR1 silver-gold particles in the residual pool at synapses contacted by RL (n = 10-12; p > 0.05) and RS (n = 10-12; p > 0.05) terminals were the same as that in normal LGN. (E) (Upper) Evoked AMPA-R-mediated responses at corticogeniculate (CG) synapses from nonexpressing (Ctrl) and GluR1-GFP-expressing neurons in rats after synaptic stimulation of CG pathway in normal bath solution and bath solution with DL-APV recorded at À60 mV and +40 mV. LTP (English and Sweatt, 1997; Hu et al., 2008; Qin et al., 2005; Zhu et al., 2002) . Moreover, PKA and PKC stimulate a much higher level of MAPK activation than NMDA-R activation, LTP-inducing stimuli in slices, or experience-dependent activity in vivo. Interestingly, the PKA-or PKC-stimulated synaptic enhancement is also much larger than those induced by LTP-inducing stimuli or experience-dependent synaptic activity in intact brains Esteban et al., 2003; Oh et al., 2006) . Together, these findings suggest that PKA and PKC permissively (from upstream) regulate the gain of MAPK signaling to control the capacity of synaptic potentiation. One obvious puzzle is how PKA and PKC can induce the unusually large synaptic potentiation, given the limited size of the deliverable AMPA-R pool. One possibility is that PKA and PKC agonists stimulate synaptic delivery of largeconductance GluR2-lacking AMPA-Rs (Isaac et al., 2007) and/ or recruit additional AMPA-Rs from the residual pool. It should be noted that currently available techniques are not ideal to precisely position a kinase in kinase cascades (i.e., sequential or parallel and downstream or upstream) and determine its function (i.e., permissive or imperative) in subcellular compartments at synapses in physiological conditions. Thus, fully addressing these issues has to wait for the development of high-resolution, simultaneous monitoring techniques.
Mechanism for Synapse-Specific AMPA-R Delivery
Proper functioning of a cell requires the precise placement of membrane proteins at strategic locations in subcellular domains (Lai and Jan, 2006; Mellman and Nelson, 2008; Vacher et al., 2008) . Many membrane proteins employ the preferential transportation and incorporation mechanism to travel to the major cellular domains, e.g., the axon or dendrite in neurons (Matsuda et al., 2008; Sampo et al., 2003; Setou et al., 2000) . However, typical membrane proteins are unevenly distributed, and they often present only in selective subcellular membrane compartment(s) of these domains (Hoffman et al., 1997; Pelkey et al., 2006; Schaefer et al., 2007; Zhu, 2000) . It seems unlikely that the limited intracellular transportation systems can use this scheme to selectively sort and deliver all these proteins to their functional destinations. The scheme of nonselective incorporation and preferential retention mechanism may be competent for the task of subcellular domain targeting. For example, several synaptic membrane proteins are functionally incorporated into the membrane throughout the axon or dendrite, and they appear to be preferentially retained in synapses after synaptogenesis (Friedman et al., 2000; Washbourne et al., 2004) . The functional significance of the initial incorporation of membrane proteins into ''inappropriate'' locations is still unclear, but the process could be important for presorting or receiving trophic signals for regulation of development and plasticity (Huang and Scheiffele, 2008; McAllister, 2007) .
Here we report a nonselective transportation and preferential incorporation mechanism that allows GluR1 to travel to and be incorporated in the membrane of RG synapses but avoid incorporation into inappropriate locations, i.e., CG synapses. GluR1 is nonselectively transported to both proximally located RG synapses and distally located CG synapses and then preferentially incorporated into RG synapses. Interestingly, GluR1 silver-gold particles are occasionally present on the plasma membrane nearby PSD at RG synapses (but rarely at CG synapses; our unpublished data). It is tempting to speculate that in the intact brain GluR1 also travels in and out of synapses via perisynaptic plasma membrane as suggested by in vitro studies (Ehlers, 2000; Ehlers et al., 2007; Gao et al., 2006; Oh et al., 2006; Serulle et al., 2007; Yang et al., 2008) . Because blocking Rap2 or JNK signaling, which blocks synaptic removal of GluR1 , does not cause synaptic accumulation of GluR1 at CG synapses, preferential retention/endocytosis is unlikely to be the correct mechanism. Rather, the vision-dependent activity pattern, present in the RG pathway but absent in the CG pathway, preferentially drives forward trafficking of GluR1-containing AMPA-Rs from the deliverable pool into the synaptic pool to mediate RG transmission and thus governs synapse-specific targeting of GluR1 in geniculate neurons. Thus, the Hebbian positive feedback mechanism not only controls synaptic efficacy by scaling the amount of synaptic incorporation of GluR1 at RG synapses but also effectively prevents synaptic incorporation of GluR1 at CG synapses. The nonselective transportation and preferential incorporation scheme suggested by our data, perhaps in combination with the other schemes to enhance sorting accuracy (Matsuda et al., 2008; Schuck and Simons, 2004) , may be generalized to other proteins and in other cell types to solve the problem of differential sorting and targeting.
EXPERIMENTAL PROCEDURES

Biochemical Analyses
Tissue extracts were prepared by slicing the brain blocks containing LGN and hippocampus from P15-P27 rats, followed by dissecting, freezing (with dry ice), and homogenizing the geniculate and hippocampal tissues (Zhu et al., , 2002 . Western blots were quantified by chemiluminescence and densitometric scanning of the films under linear exposure conditions.
Recombinant Protein Expression
Animal preparation and in vivo expression of recombinant proteins in LGN followed procedures of previous studies (Hu et al., 2008; McCormack et al., 2006; Qin et al., 2005) . 15 ± 3 hr after expression, the infected brains were isolated, and in vitro LGN slices were prepared as previously described (Kielland et al., 2006; Turner and Salt, 1998) . To preserve both sensory and cortical inputs, we first made sections forming an angle of $10 -15 to the midsagittal plane and angled outward by $15 -20 in the mediolateral plane. Then, the medial aspect of each brain half was glued onto the stage of a microslicer and cut into 400 mm thick slices.
Immunoelectron Microscopy
Immunolabeling was carried out following the procedures of previous studies (Erisir and Harris, 2003; Hettinger et al., 2001) . RL and RS terminals were classified according to the criteria used in our previous studies (Erisir et al., 1997; Kielland et al., 2006) . Using presynaptic vesicular glutamate transporter 1 as an immunomarker for glutamatergic terminals (Fremeau et al., 2001) , we found that 64.17% ± 0.01% (n = 9) of RS terminals are from CG afferents in rats ( Figure S3 ). Synapses contacted by RL and RS terminals typically had 1-20 silver-enhanced gold particles. Given that these synapses had PSDs with the same thickness (RL: 26.3 ± 0.3 nm, n = 283; RS: 28.5 ± 1.1 nm, n = 655; p = 0.83), we counted all particles within 500 nm from the postsynaptic membrane and classified those within the concentric rings of À6.25 to 31.25 nm from the postsynaptic membrane into the synaptic pool, and those of 31.25 to 106.25 nm into the deliverable pool.
Electrophysiology
Simultaneous whole-cell in vitro recordings were obtained from pairs of neighboring infected and noninfected thalamocortical neurons, under visual guidance using fluorescence and transmitted light illumination as described previously (Perreault et al., 2003; Zhu et al., 2000) . Expressing and nonexpressing geniculate neurons had the same basic membrane properties ( Figure S4 ). CG stimulation in vitro was delivered at 2 Hz to take advantage of a presynaptic NMDA-Rindependent potentiation mechanism (Castro- Alamancos and Calcagnotto, 1999) . Results are reported as mean ± SEM. Statistical significances of the means (p < 0.05) were determined using Wilcoxon and Mann-Whitney Rank Sum nonparametric tests for paired and unpaired samples, respectively. See the Supplemental Data for the detailed experimental procedures.
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